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Abstract  

The' r e l a t i v e  abundance of Lithium, Beryll ium, Boron, and t h e  

S-group n u c l e i  has been determined a r  two d i f f e r e n t  energ ies  wi th  

t h e  he lp  of a pure nuclear  emulsion s t a c k  flown from F o r t  Churchi l l ,  

Canada 

of r e s i d u a l  atmosphere. 

t h e  top  of t h e  atmosphere between 200-700 Mev/n and > 700 Mev/n w a s  

determined a s  0.41 f 0.08 and 0.19 k 0.03 r e s p e c t i v e l y .  

of both  t h e  abso lu te  f l u x  va lues  of L and S-group n u c l e i  as w e l l  

a:; t h e i r  r a t i o s  a r e  i n  accord with o the r  i n v e s t i g a t i o n s .  Combined 

( A = 70.5' ) on 4 August, 1962 under a to t a ' l  of 4.7 g/cm2 

The r a t i o  of t h e  L t o  S n u c l e i , G S ,  a t  

The r tmilts  

3 
wlth  t h e  evidence from the  measiirements of i-- He He i n  t h e  same 

s t a c k ,  3ur r e s u l t s  i n d i c a t e  tha; low energy cosmic r a y  n u c l e i  have 

t r ave r sed  about twice as much hydrogen as high energy p a r t i c l e s .  

The r e s u l t s  r u l e  out  an a c c e l e r a t i n g  mechanism of t he  Fe rmi  type 

b u t  may be explained by a source- t rapping  mechanism. 



The Energy Ddppeudc:ni:(.: a f  thc: hbunclancc-3 of 

Lithium, Beerylliuni, and 15oron i n  the Primary Cosniic 

Radiation Observations a t  Por t  Churchill". 

G.  D. Badhwar, S. N. Dcvanathan, 2nd M. F. Kaplon 

Department of Physics & Astronomy 

Univers i ty  of Rochester 

Rochester,  N e w  York 

1. In t roduct ion  

The u n i v e r s a l  abundancelof t he  L-group"- n u c l e i  is  extremely 

(i) H. E. Suess and H. C .  Urey, Handbuch der  Physik 51  - 1. 
( i i )  A. G. W. Cameron, Astrophys. J. - 129, 676 (1959) 

( i i i )  L. H. A l l e r ,  Handbuch d e r  Physik 5 1  - 

s m a l l  compared t o  t h a t  of t he  M and H-groups. Any s i g n i f i c a n t  

amount of t he  L-group observed i n  the  primary cosmic r a d i a t i o n  

The heavy n u c l e i  i n  t h e  primary cosmic r a d i a t i o n  a r e  grouped 

a s  follows: ( i )  t h e  L-group c o n s i s t i n g  of  L i ,  B e ,  and B 

n u c l e i  ( 3 < Z &  5 ); i l i ~ ;   group c o n s i s t i n g  of C ,  N ,  

0, and F n u c l e i  ( 6 < 2 < 9 ) aL?d 

s i s t i n g  of all n u c l e i  with 2 ;. 10.  T h e  group of n u c l e i  with 

2 > 6 i s  c a l l e d  t h e  S-group. 

* 

( i i )  
(i-ii) t h e  H-group con- 
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should the re fo re  be the  r e s u l t  of s p a l l a t i o n  r eac t ions  of  .- M and 

H-group n u c l e i  with i n t e r s t e l l a r  mat ter .  

t he  r a t i o  of t he  number of L-group n u c l e i  t o  t he  number of S-group 

n u c l e i  should be capable of providing information on t h e  amount of 

mat ter  traversed by the  g a l a c t i c  r a d i a t i o n  before  i t s  a r r i v a l  a t  

t h e  top of the e a r t h ' s  atmosp1ie:re. T h i s  r a t i o  has been determined 

r e l i a b l y 2  a t  a geomagnetic 1at i t .ude o f  == 41"N (cu t -of f  r i g i d i t y  

Consequently, I L S  ,+ 

1 7  -' A - 1 1 1 ,  23 

-. ----..-.-. 

Q 4.5 GV).  It has  , however, bcen r-edlizcd by var ious  workers i n  

t h e  f i e l d ,  t h a t  a s tudy of the  v a r i a t i o n  of i-LS, with r i g i d i t y  or  

energy can, i n  p r i n c i p l e ,  provide information on t h e  amount of 

mat te r  t r ave r sed  as a func t ion  of r i g i d i t y  o r  energy. 

t i o n  i s  necessary f o r  an understanding of t he  t rapping  niechanism 

proposed by Kaplon and Skadron3 f o r  l o w  energy (or  r i g i d i t y )  

This informa- 

3 M. F. Kaplon and G .  Skadron, Nuovo Cimento, i n  p r i n t  (1964) 

p a r t i c l e s .  It has a l s o  been pointed out  t h a t  a v a r i a t i o n  of t h e  

r e l a t i v e  abundance of L i th ium;  Beryll ium :, Boron, a s  a func t ion  

of energy can y i e l d  information regard ing  t h e  a c c e l e r a t i o n  mechanism, 
4 i o n i z a t i o n  loss and es t imates  of gas d e n s i t y  i n  i n t e r s t e l l a r  space.  

-- 
4 G. D .  Badhwar and R.  R.  Daniel ,  Prog. Theo. Phys. - 29,  627, (1953) 

- 
It has been  poss ib l e ,  i n  t he  r ecen t  pasc,  t o  determine t h e  i s o t o p i c  

+ The r a t i o  of t h e  number of A-group n u c l e i  t o  t he  number of  B 

group/_is designated a s  AB. 
,) MY LlL 
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G.  D. Badhwar, J. Ccophys. lksecircli, - 59, i30v.l (1964) 
PI. V.  K. Appa Rao and P. J. Lavslcxc, Xuovo Ciniento -3 26 740 

(1952) 

S. N.  Ganguli, N.  Kamcshwar Rao a c d  M. S .  Sw:r.ii, Proc. J a ipu r  

Conference (1963) 

M. V. K. Appa Rao, Phys. Rev. -J 123 295 (1961) 
F. Fos t e r  and J. H. Mulvey, Nuovo Cimento 27 ,  93 (1962) 

B. Hilderbrand, F. W. O ' D e l l ,  M. M. Shapiro,  R.  S i lberberg ,  and 

B. S t i l l e r ,  Proc. J a i p u r  Confereice (1963) 

H. A i m ,  Proc. J a i p u r  Conference (1963) 

C.  Dahanayake, M. F. Kaplon, and P.  J. Lavakare, J. Geophys, 

Research, - 6 9 ,  3681 (1964) 

V. K. Balasubrahmanyan, S .  V.  D a m l e ,  M. G .  I<. Menon, and S.  X. 
Roy, Proc. J a i p u r  Conference (1963) 

of t h e  primary cosmic r a d i a t i o n .  

of t h e  r a t i o ,  fLS, a t  t h e  corresponding energy (or  r i g i d i t y ) ,  t h e  

i s o t o p i c  composition of t h e  primary r a d i a t i o n  can g ive  t h e  i s o t o p i c  

composition of  t h e  5,ourcc (or s(JcL:cc:j) region. 

SGpplcmcnted by t h e  de te rmina t ion  

For t h e  s tudy  of the chenliLhLi!_ C O I  ::,,).sition and t h e  energy 

spectrum at low ene rg ie s ,  i t  is n e c e s s a r y - t h a t  t he  d e t e c t o r  b e  

exposed under a minimum amount of rcsidcial atmosphere; f i r s t , '  

because any s i g n i f i c a n t  amount oi air- w i l l  s t o p  t h e  low energy 

p a r t i c l e s  and secondly,  the  fragmentat ion parameters f o r  heavy 

n u c l e i  w i th  a i r  are no t  known very w e l l  a t  low ene rg ie s  and i t  i s  

d e s i r a b l e  t o  keep as smal l  as p o s s i b l e  any e r r o r s  introduced by 

t h e  e x t r a p o l a t i o n  of t h e - f l u x  t o  t h e  top  of t h e  atmosphere. 



- 4 -  

14,15,16,17,18 
Recently,  a number of i n v e s t i g a t i o n s  have been c a r r i e d  

14 F. Fos t e r  and A. Debeneditti. ,  Nuovo Cimento 27, 102 (1962) 

15 H .  Aizu, Y. Fujimoto, S.  Hasegawa, M. Koshiba, I. Mito, J. 

Nishimura, and K. Yoltoi, Suppl. Prog. Theo. Phys. - 16, 55(1960) 

16 M. Koshiba, E. Lohrmann, H.  Aizu, and E. Tamai ,  Phys. Rev. 

- 131, 2692 (1963) 

1 7  V.  K. Balasubrahmanyan and F. B.  McDonald, J. Geophys. Research, 

- 69,  3289 (1964) 

18 W. K. Webber and J. O r m e s ,  Proc. J a i p u r  Conference (1963) 

o u t  t o  determine the  chemical composition a t  low ene rg ie s .  Attempts 

are a lso being made t o  c a r r y  o u t  such experiments wi th  s a t e l l i t e  

borne .equipment. l9 I n  the  p re sen t  experiment, an a t tempt  has  been 

19 H. Yagoda and K .  Fultui, Proc. J a i p u r  Conference (1963) 

made t o  s tudy  t h e  charge spectrum of low energy cosmic r a y  p a r t i c l e s  

wi th  t h e  h e l p  of a pureemulsion s t a c k  flown from F o r t  Church i l l ,  

Canada on 4 August 1962 under 4.2 g/cm of r e s i d u a l  atmosphere. 

Using t h e  known fragmentat ion parameters t h e  f l u x  of heavy n u c l e i  

has been ex t r apo la t ed  t o  the  top  of t he  atmosphere u s i n g  t h e  one 

dimensional d i f f u s i o n  equat ion.  2o The r e s u l t s  are  compared wi th  

2 

15 

20 M. F. Kaplon'and J. H. Noon, and G .  W. Race t te ,  Phys. Rev. 2, 
1408 (1954) 

those  of o t h e r  workers and t h e  imp l i ca t ions  of t h e  r e s u l t s  are 

d iscussed .  

2.. Experimental Details 

A EmulSion Stack; and F l i g h t  D e t a i l s  

' I  
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The emulsion s t a c k  cons is ted  of 1 1 2  I l f o r d  G-5 and 36 I l f o r d  

K-2 emulsions placed a f t e r  every two G-5 emulsions. There were 19 
Kodak NTB4 emulsions kept  a t  one end of t he  s tack .  This s t a c k  has 

previously been used t o  determine the  i s o t o p i c  composition of 

The I l f o r d  emulsions were 20 cm x 25 cm x 0.06cm 12 ,21  helium nucle i .  

2 1  P. J. Lavakare, Thesis ,  Univers i ty  of Rochester (1963) 
, 

and the  Kodak 20 c m  x 25 cm x 0.0625 ctn. The s t a c k  was launched 

i n  a f i b e r g l a s s  gondola from For t  Churchi l l ,  Manitoba, Canada 

(geomagnetic l a t i t u d e  A =  70.5"N) on 4 August 1962. 

r i g i d i t y  t h e r e  according t o  Quenby and Wenk22 is 0.186 GV. 
The cutdoff  

The 

22 J. J. Quenby and G. J. Wenk, P h i l  Mag. - 7 ,  1457 (1962) 

p lane  of t he  emulsion was k e p t  h o r i z o n t a l  u n t i l  i t  reached t h e  

c e i l i n g ,  when i t  was r o t a t e d  through 90" t o  make the  20 c m  s i d e  

v e r t i c a l .  1 . e  ba l loon  f l o a t e d  u n d z r  4.2 g/cm of r e s i d u a l  atmos- 

phere f o r  13 hours and 52 minutes inaintaining an almost cons t an t  

l a t i t u d e .  The packing mater ia l ,  which wits  of low dens i ty ,  con- 

s t i t u t e d  another  0.5 g/cm . 

2 

2 The f l i g h t  curve is shown i n  Fig.  1. 

The s t a c k  w a s  processed by L l i c  W C L  hot -s tage  method; each 

ba tch  being processed. s e p s r n L e l y .  

i t  w a s  found t h a t  t h e r e  ex i s t ed  i n  K - 2  cmulsions a grad ien t  of 

g r a i n  d e n s i t y  i n  going from t h e  a i r  t o  t h e  g l a s s  su r face  of t h e  

emulsion i n  a d d i t i o n  t o  a p l a t e - t o - p l a t e  v a r i a t i o n .  By fol lowing 

a group of r e l a t i v i s t i c  nuc le i  through the  s t a c k ,  both t h e  depth 

and p l a t e - t o - p l a t e  v a r i a t i o n  of g r a i n  dens i ty  w a s  e s t ab l i shed .  It 

w a s  found t h a t  w i th in  70 to '130p from the  g l a s s  su r face  of t he  

processed emulsion, t h e  g ra in  dens i ty  was cons t an t  i n  each p l a t e  

011 dcvcx 1 opiiient of t h e  emulsions 
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t o  w i th in  5%. Consequently, a l l  measuremcnts were r e s t r i c t e d  t o  
t h i s  reg ion  of each K-2 emulsion. 

g r a i n  dens i ty  was s i m i l a r l y  e s t ab l i shed .  This v a r i a t i o n  was 

wi th in  10% of the mean value,  except i n  two K-2 p l a t e s .  A l l  

va lues  of t he  g ra in  dens i ty  were, however, normalized t o  the  

g r a i n  dens i ty  i n  one p l a t e .  By r i g i d l y  adhering t o  t h i s  process 

of measurement of i on iza t ion ,  w e  f e e l  t h a t  no l a r g e  e r r o r s  were 

introduced i n  the  f i n a l  assignment of t he  nuc lear  charge and ha rd ly  

any i n  the  number of primary n u c l e i  i n  each charge group. .  

The p l a t e - t o - p l a t e  va r i a t ion .  i n  

B Scanning Procedure and Se lec t ion  C r i t e r i a  

A l i n e  scan, 10 c m  long, was made leaving  5 mm from the  

top  edge of t h e  G-5 emulsion under a t o t a l  magnif icat ion of x315 

us ing  the following c r i t e r i a :  

(i) 

( i i )  

a l l  t racks  must have a pro jec ted  length  per  p l a t e  - > 3 mm, 

they must have a p ro jec t ed  zen i th  angle  < 45" ,  and 

i n  t h e  (Imin ( i i i )  a l l  t racks  must have i o n i z a t i o n  > 6 I min 
G-5 emulsions is 1 7  grainsL100p) 

A l l  t r acks  s a t i s f y i n g  the  above c r i t e r i a  were f i r s t  followed 

i n  the  upward d i r e c t i o n  t o  e s t a b l i s h  t h a t  they d i d  not  a r i s e  from 

an i n t e r a c t i o n  produced in t h e  s t ack .  Those t r a c k s  which d i d  not  

arise from an i n t e r a c t i o n  were followed i n t o  the  s t a c k  u n t i l  they 

stopped, i n t e rac t ed ,  o r  l e f t  the  s t ack .  

3. Charge Est'imation of the  Heavy Prjmary Nuclei  

"lie i on iza t ion  l o s s  f o r  a p a r t i c l e  of charge Z e  in pass ing  
/ 

through a medium of charge Z e  and mass nunher A/ is  given by t h e  

B e  the-Block formula 23 

23 B. Rossi ,  High Energy P a r t i c l e s ,  Prctntice-Hall ,  Inc. ,  p 24, 1952 - 
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2 where -. - is t he  ion iza t ion  loss  per g/cm of t h e  medium and 

I ( z j  i t s  e f f e c t i v e  ion iza t ion  p o t e n t i a l .  It i s  clear from 

Eqn. (1) t h a t  whereas a s i n g l e  inciasurciiiciit of the  i o n i z a t i o n  l o s s  

is s u f f i c i e n t  for  the  charge det:crrnination a t  r e a l t i v i s t i c  v e l o c i t i e s ,  

two measurements--the ion iza t ion  l o s s  and the  v e l o c i t y ,  P, a r e  

r equ i r ed  a t  s u b - r e l a t i v i s t i c  v e l o c i t i e s  t o  determine t h e  charge 

of t h e  incoming p a r t i c l e ;  t h i s  causes considerably more e r r o r  i n  

t h e  e s t ima t ion  of t h e  nuclear charge.  Only r e c e n t l y  has i t  been 

p o s s i b l e  t o  determine the  charge a t  low energ ies  f a i r l y  accu ra t e ly ,  

both us ing  nuc lear  emulsions17 and a coml-,ination of Cerenkov- 

S c i n t i l l a t o r  counters .  Depending on whether a p a r t i c l e  stopped 

in emulsion, i n t e r a c t e d ,  or l e f t  t he  s t ack ,  a d i f f e r e n t  method of 

charge i d e n t i f i c a t i o n  was adoptcld; these  are d iscussed  below. 

A. Charge Determination of P a r t i c l e s  I n t e r a c t i n g  i n  the  Stack 

dx 

18 

The fragmcntntion parniiititeL-s, tha t  i s  the  number of secondary . 
n u c l e i  produced, on the  average, per i n t e r a c t i n g  primary p a r t i c l e ,  

a r e  a v a i l a b l e  a t  both low and h i g h  energ ies  f o r  emulsion a s  t h e  

t a r g e t  The r e s u l t s  of  the  measurements i n d i c a t e  . 

24 C. J. Waddington, Prog. Nucl. Phys. - 8, 1 (1960) 

t h a t ,  on the  average, one w i l l  have-nbout one a-par t ic le  and two 

s ingly-charged p a r t i c l e s  (protons,  deuterons,  o r  t r i t o n s )  pro- 

duced i n  an i n t e r a c t i o n  of heavy primary n u c l i e  ( Z  > - 3) .  The 

measurement of t h e  g r a i n  dens i ty  o r  niean gap length  of a non- 

r e l a t i v i s t i c  s i n g l y  or  doubly charged p a r t i c l e  can be d i r e c t l y  

r e l a t e d  to its v e l o c i t y ;  s ince  i n  the fragmentation of heavy 

n u c l e i ,  t h e  v e l o c i t y  of t h e  f ragmcntat ion 'products  is equal  t o  

t h a t  of t h e  primary nucleus , such a measurement y i e l d s  the  25 ' 

25 M. F. Kaplon, B. Peters, H. 6. Reynolds, and D. M. Ritson,  

Phys. Rev. 85, 295 (1952) 



- 8 -  

v e l o c i t y  of t h e  primary. This measurement then provides us  wich 

the  energy per  nucleon of t h e  incoming p a r t i c l e s  a t  t h e  po in t  of 
i n t e r a c t i o n .  I n  the present  experiment t h e  v e l o c i t y  and hence 

t h e  energy p e r  nucleon of each i n t e r a c t i n g  heavy n u c l e i  was 

measured by g r a i n  counting a t  l e a s t  two singly-charged fragmentat ion 

products,  o r  by grain-counting doubly charged fragmentation a- 

par t i c  les. 

By comparing the g r a i n  count of t h e  fragmentation products of 

i n t e r a c t i o n s  occuring i n  G-5 emulsions with the  g r a i n  d e n s i t y  of 

showers of high-energy p a r t i c l e s  i n  t h e  same p l a t e ,  t h e  e f f e c t  of 

f l u c t u a t i o n s  in t he  development was eleminated. Since about one- 

t h i r d  of t h e  i n t e r a c t i o n s  occured i n  K-2  emulsion, i t  was decided 

t o  c a r r y  out  g r a i n  dens i ty  measurements on a - p a r t i c l e s  i n  t h a t  

p l a t e  i t s e l f ,  i n s t ead  of following them t o  the  next  G-5 emulsion. 

For the  few cases  i n  which t h e r e  were no a - p a r t i c l e  products  i n  

the  fragmentation, a s c a t t e r i n g  measurement was c a r r i e d  out  on the  

primary. This was done t o  in su re  that equiva len t  g r a i n  d e n s i t y  

measurements a r e  carried out  a s  near t he  po in t  of i n t e r a c t i o n  a s  

poss ib l e .  This ,  w e  f e l t ,  was necessary t o  avoid t h e  i o n i z a t i o n  

l o s s  which would become important f o r  low energy p a r t i c l e s  which 

have a l a r g e  pro jec ted  length.  

na tu re  of t he  i n t e r a c t i o n  t h a t  the incoming p a r t i c l e  w a s  r e l a t i v i s t i c  

were the  i n t e r a c t i o n  prodiicrs followed t o  t h e  next G-5 emulsion and 

~ 

Only when w e  were s u r e  from the  

I ' g r a i n  d e n s i t y  measurements c a r r i e d  out  t he re .  

In a method of energy de termina t ion  such a s  t h i s ,  i t  i s  
linperat i v e  t h a t  an accura te  r e l a t i o n s h i p  between i o n i z a t i o n  loss 

and energy per  nucleon be e s t a b l i s h e d  from r e l a t i v i s t i c  ene rg ie s  

down t o  about 100 Mevh. 

as fol lows.  For t h e  energy range of 90 t o  345 Mev/n, w e l l - i d e n t i f i e d  

T h i s  curve was e s t a b l i s h e d  f o r  a - p a r t i c l e s  
21 

4 He n u c l e i  which stopped i n  t h e  s t a c k  were s e l e c t e d  f o r  t h i s  purpose. 
, I  ( 8  
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Grain d e n s i t y  measurements were c a r r i e d  o u t  i n  both G-5 and K-2 

emulsions a t  var ious  r e s i d u a l  ranges ;  a t o t a l  of 25 and 45 measure- 

ments were c a r r i e d  out  i n  K-2 and G-5 emulsion r e s p e c t i v e l y .  

energy of the  H e  

Energy r e l a t i o n  i n  G-5 emulsion. It w a s  a l s o  assumed t h a t  t h e  

The 
4 n u c l e i  was c a l c u l a t e d  from t h e  known Range- 

26 

26 M. Rich and R. Madey, UCRL-2301 (1954) 

same r e l a t i o n  holds f o r  K-2 emulsions as -well ,  down t o  very low 

v e l o c i t i e s .  

range and energy c a r r i e d  out i n  emulsions of va r ious  s e n s i t i v i t i e s  

This assumption i s  supported by .the measurements of 

~- 

27 and f o r  a v a r i e t y  of n u c l e i  down t o  a v e l o c i t y  of about 1 Mev/n. 

27 H. H. Heckman, B. L. Perkins,  W. G. Simon, F. M. Smith, and 

W. H. Barkas, Phys. Rev. 117,  544 (1960) - 

I n  a d d i t i o n ,  w e  ob ta ined  two breakaup events  (N = 0)  of a - p a r t i c l e s .  

These decomposed i n t o  two s i o g l y  charged p a r t i c l e s .  

t h e s e  a-particles was obtained by coulomb s c a t t e r i n g  measurements 

u s i n g  t h e  coord ina te  method of s c a t t e r i n g 2 8  on a Kors t ika  R-4 

h 
The energy of 

28  P o  H. Fowler, Phil. Mag. - 41, 169 (1950)  

microscope. 

v a l u e  (4  fi replac-ement was used) was c o r r e c t e d  f o r  t h e  s t a g e  and 

r ead ing  no i se  of t h e  microscope. The energy w a s  c a l c u l a t e d  from 

t h e  c o r r e c t e d  fi va lue  us ing  t h e  appropr i a t e  s c a t t e r i n g  cons tan t .  

These c a l i b r a t i o n  events  are i n d i c a t e d  i n  Fig.  2 by e r r o r  bars .  

The pro ton  c a l i b r a t i o n  was e s t a b l i s h e d  up t o  105 MeV by us ing  

s topped protons i n  a manner s imilar  t o  a - p a r t i c l e s .  The p l a t e a u  

v a l u e  was determined from shower p a r t i c l e s  and t h e  in t e rven ing  

A c e l l - l e n g t h  of 2001 was employed and t h e  mean 6 
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region was intcrpo1atc:tl usin;;  till(! ( i ~ - p ~ i i : L i c I . c !  c a l i b r a t i o n  as a guide.  + 
In  accept ing IrracI~s of ii~ic’1~c:i. wli:i.ch intc?i:nc:tcd i n  c i t l i c r  G 5  

o r  K-2 emulsion wc iniposcd a11 ac1ili.11 io i i~ i l  niinhcr of acceptance 

c r i t e r i a  besides  thosc ali:c?;idy wnt::i.oned i i i  tlhc s e l c c  t i o n  c r i t e r i a  

(Sec. 2 B ) .  These wcrc: ( i )  tlic pr:iiiinry nuc1.ci should t r a v e r s e  

a t  l e a s t  one c m .  before  the  pointl of in tc i -ac t ion ,  and ( i i )  t he  

i n t e r a c t i o n  products should he a t  l e a s t  one cm. away from a 

processed edge. The f i r s t  of ~hcsc.  w a s  iniposed t o  in su re  t h a t  

t h e r e  a r e  enough S-rays o r  gra i i i s  a v a i l a b l e  f o r  good s t a t i s t i c s  

on t h e  measurement of thc  priniiiry iltid t o  cliiiiiiiate any poss ib l e  

edge-ef fec ts  on g ra in  d e n s i t y  o.ly&-rily dens i ty .  I t  was necessary 

t o  impose the second r e s t r i c t i o n  bccatisc of ’our  method of energy 

determinat ion.  Grain tlcns i c y  iiIC?;i:;CLi-c?111Ctits on t r acks  of s i n g l y  o r  

doubly charged p a r t i c l e s  wou1.(1 cci-tain:ly suffer i f  t hese  t r a c k s  

are very c l o s e  t o  the processctl c d y , c ! .  We liavc i n  t he  p re sen t  

a n a l y s i s  accepted a l l  ( N  > 0)  :i.iiLi.!i-;.ic tiotis s a t i s f y i n g  t h e  above 

given c r i t e r i a .  I n  s p i t e  of ~ 1 1 ~  i a c c  t h a t  f o r  i n t e r a c t i o n  of 

S-nucle i  with N > 8, we ruay s L i . ~ ; h t l y  undei-estimate the  primary 

cmergy , w e  have used a l l  iriLeriic L i o n s  with N > 0 f o r  want of 

b e t t e r  s t a t  i s  t i c s .  

11 - 

h -  16 
11 - 

I n  the present  expcrirmnt,  about one- th i rd  of t h e  t o t a l  

i n t e r a c t i o n s  occured i n  the K - 2  i!init1.sion. 13ecause of t he  low 

s e n s i t i v i t y  of these c w l s i o n s  it w i i s  notl p o s s i b l e  t o  sce s i n g l y  

charged par t i c  les . 
i n t e r a c t i o n  took p lace  a t  dcptl is  wlii.cli c l i t l  iiot provide the  propcr 

r eg ion  f o r  g r a i n  counting i n  t h c s c !  c b i i i i i l s i o i i s .  For such i n t e r n c  t i o n s  

an a r e a  near t h e  expec tcd posit i-oii  01: i . n t c r x t i o n  products  was 

scanncd i n  G-5  emulsion t o  pick t ip  coiiiic.!cfc!d sin2:ly o r  doubly 

charged p a r t i c l e .  Ion iza t ion  ~ i ~ ~ ~ ~ i : ; ~ . i L - ~ ! ~ ~ ~ ~ ~ ~ ~ ~ ~ ;  WC!L-C! c a r r i e d  ou t  i n  

Even f o r  rii;iny cloiibly c l ~ i i - g ~ d  p a r t i c l e s ,  t h e  



- 1.1. - 

the s c ~ o n d a r i e s  i n  G - 5  eiuu1 s ion L O  d c ~ ~ c ~ n i i t i c  t lie cliici-gy oi' t _ 1 1 ( ~  

inconiin;: p a r t i c l e .  1Jlicncver t w o  s u c h  I r a g i n c n t a t i o n  produc r s  w ~ i - t f  

not a v a i l a b l e ,  coulomb s c a t t e r i n g  mc~asurcmcnts were c a r r i e d  out: 

t o  determine the  energy of the incoining primary p a r t i c l e .  

The t r a c k s  of n u c l e i  which i n t e r a c t e d  i n  the s t a c k  and 

s a t i s f i e d  the  c r i t e r i a  given above were accepted f o r  a n a l y s i s .  

For a l l  those events  in  which the  primary t r a c k  passed through a 6 

K-2 emulsion and t h e  ion iza t ion  was not  too l a r g e  t o  i n t e r f e r e  i n  

accu ra t e  g r a i n  count ing measurements, g r a i n  dens i ty  measurements 

were c a r r i e d  out  i n  K-2 emulsion. About 400 gra ins  were counted 

on each t r ack .  

ments were c a r r i e d  out i n  G-5 emulsions. 

o r  more g r a i n s  ( k i n e t i c  energy - > 15 Kev) w e r e  counted. A s tandard  

t r a c k  of  carbon n u c l e i  was always counted before  s t a r t i n g  any 5- 
r a y  d e n s i t y  measurements. Fig.  3a and 3b g ive  r e s p e c t i v e l y t a  

p l o t  of g r a i n  dens i ty  i n  K-2 ernulsion/lOOP versus  energy per nucleon 

and A-ray d e n s i t y  i n  G-5 emulsion/lOOP versus  energy per  nucleon. 

The energy w a s  determined a s  explained ear l ier .  

energy assignments were made wi th  t h e  h e l p  of a number of break-up 

events  ob ta ined  i n  t h e  s tack.  A l i s t  of t hese  events  is  given i n  
Table I. 

as measured by t h e  co-ordinate method of s c a t t e r i n g  as w e l l  as by 

For a l l  other  nuc le i ,  s h o r t  &-ray  dens i ty  measure- 

All $-rays wi th  t h r e e  

The charge and 

We have given the  va lue  of t h e  primary energy i n  Gev/n 

3 g r a i n  d e n s i t y  measurement on a - p a r t i c l e s  of t h e  break-up events .  

There appears t o  b e  agood agreement between the  two measurements. 

Two i o n i z a t i o n  measurements were made on each primary t r ack :  

a g r a i n  d e n s i t y  measurement on each t r a c k  i n  t h e  f i r s t  K-2 emulsion 

a v a i l a b l e  be fo re  the po in t  of i n t e r a c t i o n  and ( i i )  a s - r a y  d e n s i t y  

measurement i n  the  f i r s t  a v a i l a b l e  G-5 emulsion be fo re  t h e  i n t e r -  

a c t i o n .  Using t h e  a - p a r t i c l e  c a l i b r a t i o n  curve as t h e  guide,  w e  

have drawn t h e  c a l i b r a t i o n  curves f o r  Beryllium, Carbon, Oxygen, 

and Flourine.  The c a l i b r a t i o n  curve f o r  Lithium was c a l c u l a t e d  

(i) 
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wi.th the  he lp  of the a - p a r t i c l e  curve,  assuming a Z dependence. 

These were used fo r  t he  assignment of t he  f i n a l  charge and energy 

of t h e  incoming p a r t i c l e ;  though t h i s  i s  c e r t a i n l y  an overest imate  

(Footnote,  p. 9), no change i n  the  assignment of n u c l e i  f o r  L i  f o r  

t h e  L group is influenced by t h i s  choice.  

B Charge Determination of P a r t i c l e s  Stopping i n  the  Stack 

A l a r g e  number of nuc le i  which have energ ies  less than 

700 Mev/n w i l l  s top  i n  the  s t ack .  

a d d i t i o n a l  s e l e c t i o n  c r i t e r i a  besides  those a l ready  given i n  

Sec t ion  2 B.  

must be a t  l e a s t  one cm. This was done t o  in su re  t h a t  w e  have a 

s t a t i s t i c a l l y  meaningful number of & - r a y s  i n  G-5 emulsion o r  a 

s u f f i c i e n t  number of g ra ins  i n  the  proper reg ion  of K-2 emulsicm. 

For a l l  s topping nuc le i  which passed through the  K-2 emulsion, 

g r a i n  dens i ty  measurements were c a r r i e d  ou t  i n  the proper reg ion .  

A p l o t  of t h e  g ra in  dens i ty /1001 a g a i n s t  t he  r e s i d u a l  range i s  

shown i n  Fig.  4a. The r e s i d u a l  range w a s  no t  co r rec t ed  f o r  t h e  

e f f e c t  of e l e c t r o n  capture  a t  t he  end of t he  range, because even 

f o r  i r o n  n u c l e i  t h i s  e f f e c t  is  small  l5 ( 4 2 0 0 ~ ) .  Fig .  4b shows 

a p l o t  of N/100p aga ins t  r e s i d u a l  range. With t h e  he lp  of t he  

c a l i b r a t i o n  curves given i n  Table I and t h a t  of t h e  s i m i l a r i t y  

law f o r  range-energy r e l a t i o n s ,  w e  obtained t h e  c a l i b r a t i o n  curves 

f o r  s topping  nuc le i .  

va lues .  The r e s i d u a l  range w a s  then a measure of t he  energy of 

t h e  inc iden t  p a r t i c l e .  

For these  n u c l e i  we imposed an 

We requi red  t h a t  the  p o t e n t i a l  range of t he  p a r t i c l e  

These were used i n  a s s ign ing  t h e  f i n a l  charge 

The s e l e c t i o n  c r i t e r i a  t h a t  w e  have employed in t roduces ,  how- 

ever ,  a b i a s  i n  the  acceptance energy c r i t e r i a .  I n  F ig .  5 w e  

d i s p l a y  the  e f f e c t  of our experimental  environment on the  energy 

c r i t e r i a .  It i s  a p l o t  of t h e  cu t -o f f  energy a t  t h e  top of t h e  

atmosphere i n  Mev/n a g a i n s t  nuc lear  charge;  s p e c i f i c a l l y  t h e  e f f e c t  

of i o n i z a t i o n  l o s s  i n  the  r e s i d u a l  atmosphere packing m a t e r i a l  and 

t h e  one cm. of emulsion above ' the scan l i n e  has  been fo lded  i n t o  
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the requirement t h a t  thc! p a r t i c l e  have n ra11i;c. onc C H I .  J'L-(JLII ~ i i c  

scan l i n e .  We have accepted i n  thc?  pi-cscnt work L o r  t l>c f i n p i 1  . 

a n a l y s i s  a l l  t r acks  of nuc le i  which have energy g r c a t e r  tlicin 200 Pl~ .v /n  

a t  the  top of  the  atmosphere. I t  i s  c l e a r  from F i g .  5 t h a t  t h e r e  

i s  a c e r t a i n  b i a s  aga ins t  low energy M and H-group nuc le i .  For  

example, whereas we accept  a l l  Be nuc le i  of energy g r e a t e r  than 

180 Mev/n, Nitrogen n u c l e i  of energy .) 200 Mev/n and S i l i c o n  n u c l e i  

of energy 2250 Mev/n only a re  accepted. 

c o r r e c t  f o r  t h i s  a r t i f i c i a l  disappearance of low energy M and H-group 

n u c l e i .  One can c o r r e c t  fo r  t h i s  b i a s  under e i t h e r  of the two 

assumptions of s i m i l a r i t y  of r i g i d i t y  spectrum f o r  a l l  n u c l e i  o r  

s i m i l a r i t y  of t he  energy s p e c t r a  f o r  a l l  n u c l e i  ( t hese  do not  i n  

f a c t  d i f f e r  g r e a t l y  s ince  A z 2 Z  f o r  most  of t he  n u c l e i ) .  

i n  t h e  present  a n a l y s i s ,  assumed t h a t  t h e  energy s p e c t r a  of t h e  M 

and H group n u c l e i  are the  same a s  t h a t  of t h e  unbiased energy 

spectrum of the  L-group nuc le i  observed i n  t h i s  experiment and 

app l i ed  a c o r r e c t i o n  f o r  the l o s s  due t o  t h i s  b i a s .  

W e  had the re fo re  t o  

We have, 

C .  Charge Estimation f o r  Partic1c.s Leaving the  Stack 

Besides the  t r a c k s  of nuc le i  which i n t e r a c t e d  o r  stopped i n  

emulsion, some t r a c k s  of nuc le i  travcbrsed through the  s t a c k .  For 

these  t r acks ,  two i o n i z a t i o n  measurements were c a r r i e d  ou t ;  one 

i n  t h e  f i r s t  a v a i l a b l e  K - 2  emulsion from t h e  s i d e  they en tered  t h e  

s t a c k  and t h e  o the r  i n  the  l a s t  a v a i l a b l e  K-2 emulsion before  t h e  

t r a c k s  l e f t  the  s t a c k .  These were designated a s  g and g 

r e s p e c t i v e l y .  

a b l e  g r a i n  dens i ty  measurements o r  f o r  t r a c k s  of n u c l e i  which passed 

through only one K-2 emulsion, 6 - r a y  dens i ty  measurements were 

made i n  G-5 emulsions a t  the poin t  of en t rance  and t h a t  of e x i t .  

The 6-ray d e n s i t y  per 1001 was designated a s  N; 
N, / 1 0 0 ~  r e s p e c t i v e l y .  

according as  gra in  d e n s i t y  o r  .&-ray d e n s i t y  measurements w e r e  

i n  ou t  
For t r acks  of n u c l e i  which w e r e  too heavy f o r  r e l i -  

i n  / 1 0 0 ~  and 

Using the  curves i n  F ig .  4a o r  4b, o u t .  

(I 
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c a r r i e d  out ,  the  corresponding r e s i d u a l  range i n  c m .  was con-li)utcd. 

1Je computed R t h e  r e s i d u a l  range corresponding t o  the g r a i n  

dcns i ty  g o r  N: and R (or  Nout). We thus had e s s e n t i a l l y  

two i o n i z a t i o n  measurements a t  two d i f f e r e n t  r e s i d u a l  ranges ; 

i n  i n  

i n  ou t  

a t  R and g a t  R + L where L i s  the  path l e n g t h  t r ave r sed  
'in i n  out i n  
b y  the  n u c l e i  from the  p o i n t  where the f i r s t  i o n i z a t i o n  measurement 

was made t o  the  poin t  where the  l a s t  i o n i z a t i o n  measurement w a s  

made on the  same t rack .  The c a l i b r a t i o n  curve given i n  Fig.  4a and 

4b were used i n  ass igning  f i n a l  charge va lues .  The corresponding 
energy was determined by the  g r a i n  clr>tisity ( o r .  i- -ray dens i ty )  

w a s  used f o r  t h i s  g i n  versus  energy/n p l o t  of Fig 3a ( 0 1 -  31)). 

purpose,  

I n  a s s ign ing  the  f i n a l  charir(1 v<Lltit's, nuclei  which gave 

charge more than 0.5 u n i t s  and :.' one' u n i t  of charge g r e a t e r  than 

a given charge Z were assigned a chai-gc of Z+1 u n i t ,  We observed 

8 Boron n u c l e i  of energy6700 Mt.v/n and 6 carbon i n  the  same energy 

range. 
$ 

4.  Resul t s  

A .  A t o t a l  of 485 t r a c k s  were obtained which s a t i s f i e d  the  given 

s e l e c t i o n  c r i t e r i a .  Using the  methods of charge i d e n t i f i c a t i o n  

d iscussed  i n  Sect ion 4, we have obtained 39 L-group n u c l e i  and 89 

S-group n u c l e i  i n  the  energy range of 200-700 Mev/n; t h e  c o r r e s -  

ponding number f o r  energ ies  g r e a t e r  than 700 Mev/n begin148 and 

209 r e s p e c t i v e l y .  Table X I  g ives  the  d i s t r i b u t i o n  of t h e  i n d i v i d u a l  

L n u c l e i ,  t he  L and S groups i n  va r ious  energy i n t e r v a l s .  

g ives  t h e  energy spectrum of  the  L- and S-  group n u c l e i .  Both are 

uncorrec ted  f o r  scanning i n e f f i c i e n c y  and t h e  b i a s  due t o  t h e  . 

acceptance c r i t e r i o n .  The energy i n t e r v a l  r e f e r s  t o  those a t  t h e  

top of  t h e  atmosphere. Table 111 gives  t h e  numbers a f t e r  t h e  

c o r r e c t i o n  for scanning i n e f f i c i e n c y  (See Appendix A) and f o r  t he  

e f f e c t  due t o  bias  r e s u l t i n g  from the  s t a t e d  acceptance c r i t e r i a  

F igure  5 
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i n  Sect ion  2B.+ 

t:iic atmosphere i n  pa r t i c l e s /m Sec. Sr. 

Table I V  gives the  f l u x  values  a t  tht? cop oi' 
2 

KxLrapolation t o  the  top of t h e  e a r t h ' s  atmosphere 

I3 The f l u x  va lues  of var ious groups of  nuc le i  o r  t h e i r  r a t i o s ,  

t h a t  a r e  of i n t e r e s t  from the a s t rophys ica l  o r  t he  o r i g i n  p o i n L  

of view, are the  values  of these  q u a n t i t i e s  ac  the top of the 

atmosphere. Since a l l  measurcwicwts a r e  made under a c e r t a i n  

amount of atmosphere, t h e  obsci-ved values  of var ious  q u a n t i t i e s  a t  

the  f l i g h t  a l t i t u d e  have t o  b ~ .  ( ~ x t i - ~ i p c ~ l a t e d  t o  the  t o p  of the  

a j  t mosphere. Two poss ib l e  n i e t l i o c l s  liLivc. been mentioned i n  the 
20 

l i t e r a t u r e .  20929 I n  the  firsL n I ~ ~ ~ l - i o t l  due  t o  Kaploti e t  a l .  

- '11 M. V .  K. Appa Kao, S , n i s w a s  , R .  I t .  Daniel ,  K .  A .  Neelakanran 

and B.  Pe t e r s ,  I'hys. Rev. 110, 751 (1958) 

~ J I I C  s t u d i e s  the d i f f u s i o n  of  cl bcci!1t of riionochroiuatic p r imary  nuc le i  

ttiruugh the  atmosphere. One s e t s  u p  a d i f f u s i o n  equat ion r e l a t i n g  
2 

the  observed f l u x  a t ,  say x g/ciii of  atniospheric a i r ,  t o  t h e  f l u x  

ilt the  top of t h e  e a r t h ' s  atnwsl)licre, through t h e  fragmentation 

t'arameters of primary nuc le i  w i t h  a i r  nuc le i ,  t h e i r  i n t e r a c t i o n  

dnd absorb t ion  mean f r e e  paths .  Tht: method c a l l s  f o r  an accu ra t e  

determinat ion of these  parameter.  ?'he second method2' i s  based on 

-I- The ascent  co r rec t ion ,  i . e .  the nuiiiber of p a r t i c l e s  recorded i n  

i n  eriiulsion before  the s t ack  wris f l i pped ,  has been c a l c u l a t e d  

II f u s i n g  the  f l i g h t  curve (Fig.  I). It i s  found t o  beN1.4% of the 

flux a t  the  top of the atniosp1ic1-e. It has not  been appl ied ,  

s i n c e  it is much less Lhan the s t ' i t i s t i c a l  e r r o r .  Moreover, 

s i n c e  the s t a c k  was f l i p p e d ,  tliesc? t racks  would not  be accepted 

i n  t he  scanning c r i t e r i o n  i t s c l r .  
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the  fact  t h a t  primary n u c l e i  ai-i- ivi  11); , i t  d i  ffcbi-chnL z e n i t l i  ~ I I ; J , ~ C I S  

have t r ave r sed  e f f e c t i v e l y  d i f  Lerent a i ~ i c ~ i i i t s  of atiiiospheric . One 

then sets up a growth curve,  which w l i c l i  ex t r apo la t ed  t o  zero  

atmospheric depth gives  the  f l u x  va luc~s  a t  the  top of t h e  atmosphere. 

However, t h i s  procedure is  no t  :;uitc.d fo r  a v e r t i c a l  goemtary 

s t a c k  such as t h e  one employed i n  tlir p re sen t  experiment and cannot 

dssess i o n i z a t i o n  loss e f f ec t s .  We have t h e r e f o r e  employed t h e  

d i  f f u s i o n  e x t r a p o l a t i o n  procedui-L\, u s i n g  t h e  fragmentation para-  

meters observed i n  a i r - l i k e  medium t o  o b t a i n  t h e  f l u x  16,30 , 31 

, I  

30 G. D. Badhwar, N .  Durgaprasad, and B .  Vijaylakshmi, Proc. 

J a i p u r  Conference (1963) 

31 M. W. F r ied lander ,  K. A.  Neelakantan, S .  Tokunaga, G .  R .  

Stevenson, and C .  J.  Waddington, P h i l .  Mag. 8, 1691 (1963) 

va lues  a t  t h e  top  of t he  e a r t h ’ s  arinosphere. We have d iv ided  rhe 

energy r eg ion  2 200 Mev/n i n t o  two groups; ( i )  

a t  200 t o  700 Mev/n and ( i i )  energies’)  700 Mev/n. 

t h e  energy i n t e r v a l  

The s o l u t i o n  of t h e  d i f f u s i o n  equat ion  which takes  i n t o  account 

t h e  i o n i z a t i o n  loss of  heavy n u c l e i  i n  a i r  and the  energy dependence 

of f ragmentat ion parameters cannot be w r i t t e n  i n  a compact forni. 

The e x t r a p o l a t i o n  procedure then r e q u i r e s  a r a t h e r  e l a b o r a t e  

numerical i n t e g r a t i o n .  However, such a procedure does not  enhance 

rhe accuracy of t h e  r e s u l t s ,  1‘01- o n e  does n o t ,  as y e t ,  I c n o w  the 

energy dependence of t h e  fragiirt.lii il t i o ~ i  parameters. We have ,  a s  

a l ready  mentioned, divided t h e  whole L’nergy i n t e r v a l  i n t o  L W O  

groups, 200-700 Mev/n and > 700 Mev/ii. These ene rg ie s  refel .  t c ~  

t h e  ene rg ie s  a t  t h e  top  oL- t h e  atmospheitl and t h i s  p a r t l y  Ltrkes 

care of  t h e  i o n i z a t i o n  loss .  Moreover, i n  e x t r a p o l a t i n g  w e  i m p l i c i t l y  

assurped t h a t  t h e  fragmentation pal-ame~ers  are  i n s e n s a t i v e  L O  t he  
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energy down to the incoming primary energy of 200 Mev/n, 
as already mentioned in Section 3 B ,  we have corrected for the 
disappearance of primary particles because of the bais introduced 
by the selection criteria ( under the assumption of similar spectra) 
for all groups of nuclei, the results s o  obtained would be almost 
free from. any corrections due to the ionization loss. In spite of 

Since, 

this, we have used two sets of fragmentation parameters, one for 
the energy range of 200-700 Mev/n as obtained by Aizu et al. 
a study of interaction with N \c 7 of heavy nuclei of energy less h 
than one Gev/n in emulsion; for energy > 700 Mev/n 
parameters obtained by Freidlander et al.31 and Badhwar et al. 
has been used. The results are presented in Tables IV and V, along 

16 from 

a mean value of 
30 

with the measurements of other workers, These values do not in- 
clude the errors inherent in the fragmentation parameters. 

This vertical cut-off energy at Fort Churchil122 is 186 GV/n. 
We have in the present experiment observed a total of eleven 
nuclei which have energies below this value when extrapolated to 
the top of the atmosphere. This is consistent with observations 
that the cut-off is not completely sharp. 

1) i scus s ion 

A number of investigations have been carried out to determine 
the relative abundance of various charge groups in the primary 
cosmic radiations. However, relatively few investigations exist 
i n  which a good charge resolution has been obtained between the 
various groups of nuclei and which have been conducted under a 
relatively small amount of residual atmosphere ( - 5  g/cm ) which 

makes the correction due to extrapolation relatively unimportant. 
A comparison of our value of 
et a1.16 and Aizu et al. l5 
between the varLous measurements at both low and high energies. 

2 

(0) with those of Koshiba 
shows that there is a good agreement 
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I 

A l l  t h r e e  emulsion measurements i n d i c a t e  t h a t  the  va1,ue o f '  LS (0) 

between 200-700 Mev/n i s  g r e a t e r  than 

Table V I  g ives  a comparison of r'LS (x) obtained by 

Balasubrahmanyan and McDonald17 us ing  a Cerenkov-Scin t i l l a tor  

Counter combination and t h a t  obtained i n  t h e  present  work. The 

t a b l e  shows t h a t  whereas our va lue  of 'LS (x) i s  h igher  between 

400-800 Mev/n as  compared t o  the  value f o r  ene rg ie s )800  Mev/n , 
Balasubrahmanyan and McDonald obtained t h e  same r e s u l t s  a t  t he  

two energies,though they are c o n s i s t e n t  w i th in  t h e  s t a t e d  e r r o r s .  . 

ri LS (0) f o r  primary energi'es 

>. 700 Mev/n. 

1 7  

We had i n  the same s t a c k  a measurement of t he  re la t ive  

3 

3 i n t e n s i t i e s  of He / H e  c a r r i e d  out between 160-370 Mev/n. The 

r e s u l t s  i nd ica t e  a va lue  of 0.20 f 0.05. Assuming t h a t  H e  n u c l e i  

a r e  absent  i n  the source reg ion ,  Lavakare21 has c a l c u l a t e d  t h a t  I 9 

t h i s  corresponds t o  a t r a v e r s a l  of 7 f 2 g/cmL of i n t e r s t e l l e r  

hydrogen. Using the  growth curve ca l cu lb t ed  by Badhwar e t  a l .  32 

32 G. D .  Badhwar, R.  R.  Daniel ,  and B. Vijaylakshmi,  Prog. Theo. 

Phys. - J  2 8  607 (1962) 

~ - ~ ~ ~ ~~~ ~ ~ 

for high energy p a r t i c l e s ,  our va lue  of rLS (0) i n d i c a t e s  a va lue  

o f  4.5 f 0.7 g/cm . 
16 3 and Koshiba e t  a l .  , and t h e  measurements of H e  i n  t h e  present. 

s tack ,  support  the conclusion t h a t  low energy p a r t i c l e s  have indeed 

Lraversed about twice as much matter a s  h igher  energy p a r t i c l e s  

( 

from t h e  r e s u l t s  of Ref . 1 7 .  Measurements of 

Mulvey and of ( IS  by Fos te r  and Debenedi t t i  

tend t o  support  t h e  conclusions drawn above. 

2 15 Our r e s u l t s ,  along wi th  those of Aizu e t  a].. 

2 . 2.5 f 0.5  g/cm ), con t ra ry  t o  the  conclusion one would in fe r  
3 H e  / H e  by Fos t e r  and 

i n  a s i m i l a r  s t a c k  8 14 

I n  t h e  l i g h t  of  t he  evidence presented,  w e  conclude t h a t  l o w  

energy cosmic r a y  n u c l e i  t r a v e r s e  more matter than t h e  high energy 

nuc le i .  This  observat ion can be explained i n  a number of manners; 
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3 for example, t he  source t rapping mechanism of Kaplon and  Slcridron 

OL- t h e  i o n i z a t i o n  loss mechanism of Appa Rao may be opcra t ivc . .  33 

- -- 

33 M. V. K.' Appa Rao, Nuovo Cimento, i n  p r i n t  (1964) 

However, ' a Fermi type a c c e l e r a t i n g  mechanism34 i n  the  ga laxy  would 

.-I 

34 E. Fermi, Phys. Rev., 75 1169 (1949) 

r e q u i r e  t h e  r a t i o s  of  GS to  go i n  a d i r e c t i o n  oppos i te  t o  t h a r  

'observed and hence i s  not  l i k e l y  t o  be ope ra t ive .  

Ac know 1 e dgmen t 

It is  indeed a p leasure  t o  thank M r s .  V.  Miller, Mrs. L. 

Upel inc is ,  Mrs. L. Hawrylak, Mrs. K. Bansal,  M r s .  A. Izaks,  and 

Mrs. I. Wolansky f o r  p a t i e n t l y  doing t h e  t ed ious  t a s k  of  scanning. 

Our s p e c i a l  thanks are t o  Mrs. L. Upel incis  and Mrs. L. Hawrylak 

for  making some of t h e  measurements. O n e  of us (S. N. D.)  wishes 

t o  thank t h e  Danforth Foundation, Missouri ,  Washington f o r  t h e  

f i n a n c i a l  a s s i s t a n c e  which made h i s  s t a y  p o s s i b l e  here .  The h e l p  

of M r .  WilliamVeeder i n  preparing t h e  f i g u r e s  i s  duely acknowledged, 



u-4 
O a J  

A. 
0 

QI a 
h c-c 

e 

0 z 

I 
I 
I 
I 
I 
I 
I 
I 

. I  
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

m 
c\1 

0 

** 
4 
a) . 
N 

0 
d 

0 

$I 

d 
9 

rl 

0 
d . 
0 

$1 

d 
N 

r( 
. 

c. 

N 

rc 
$1 

. 
rl 

vr 
d 

. 

N 

rc 
+I 

0 

m 
d 
d 

0 0 
r l  N 

$1 +I 
d 0 

m 0 
4- 4 

0 . vr 
d 
. 

-H 
o\ 

N 
m 

0 

b 

d 

$I 

e 

9 

.b m 

cn4 
woo do 

1 . o  

a 
4 
4 

0 
. 

0 

a w 
'i' 

d 

O d  
4 N  

? +  
m 
9 

rl 
. 

0 

a 
N 

'i' 

-- x 

\ N  

O J h n  r t m  
0 0  

? +  
3 
m 
0 
. 

0 

U 
N 

T 
m 
Q) 

c3 

rk 

rl 
0 
4 
0 

09 
d 0  

0 

? +  
0 
0 
9 

0 
. 

4 

tl 
N 

c 
U 
N 

'i 

a 
+ 
U 
N 

'r 
Q) aJ 
p9 m cg 

4- m ' 9  

m .  hn 

N N 
. . 

$1 $1 

m 4- 
9 b 
rn 4. 

. . 

a 
+ 
U 
N 

'I' 
m 

r- 
jc 

a) 
r( 

0 
$1 

d 

m 

00 

* 



0 m CO 
d 

0 

$1 

a3 
hl 

0 

$1 

hl e 
fi 

. 

. 

0 
hl 

0 

$1 

4 

N 

h 

4 
d 
. 

$1 

a 
a3 
-j. 

hl 
hl 

0 

$I 

. 
d 
In 

hl 

hl 

hl 
. 

$1 

0 
co 
*rt 

0 
m 
0 

$I 

m 
In 

. 
0 

$I 

4 
0 m 

rn 4 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

0 
m 
$I 

0 
m 
a 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

R 

hl 

$1 

d 

m 
R 

. 

a 
\o 

0 
. 

In0 
h l 4  

? 4  
COO 
hlv) 

ri4 
4 0  
N 4  

e .  

‘37 
0 
hl 
. 0 

rn 
0 
m 0 

hl 
. 

d 
. 

hl 

0 rl 0 0 0 0 0 

9 
t) cv 
+ 
3 
f 
0 

Ez 
hl 

+ 
U 
hl 

+ 
ar 

F4 

CE 
Fr 

t) m 

r 
0 

0 

0 d hl 
d d rl 

m 
d * 

rn 
d 

m 



Tab1.e I1 

L 

Observed number of t r a c k s  of va r ious  n u c l e i  uncorrec ted  
f o r  scanning i n e f f i c i e n c y  and b i a s .  

I 

S i 

200-300 

48 

87 

300-400 

209 

2 9 8  

~- 

400-500 

500-600 

600-700 

200-700 

>700 

>200 

L i  

4 

3 

2 

1 

1 

11 

12 

23 

I_ 

.... .... . .. ... ._ - . ... . __- 
I 

B e  ! B 
1 
i. ... - 

3 I *  
t 

---I-- 
-24 I 40 

1 ! 
I I 

39 89 



Table I11 

Number of n u c l e i  c o r r e c t e d  for scanning i n e f f i c i e n c y  & b i a s .  

-. _ _  

400-500 
- - ... - 

500-600 
- - . . .  -- 

600-700 
. . . . .  - - 

200-700 
___I_ 

>700 
--- 

--. 
>200 

I 
. . .  I 1 

_pi 1 

I 
I I 

i 7.78 i 15.95 
_ _ ~ _  . . . . . . . . . . . . .  

7 .78  26.6  
i . . . . . . . . . . .  

i 

I 

I 

. .  - . . . .  - .-I 

I 
- 1  
I 

5.55 15.95 
____. 

43.3 , 94.6 

I 

-. ..................... .... - -.- .. 

i 222*1 
' I 53.3 

96.5 1316.7 

.- 



Table I V  

Flux values at t h e  top of the atmosphere i n  particles/m2 Sec. S r .  

L I Present work 
S 

L 

Koshiba e t  a1 

S 

Enerc 
~~ 

200-700 

1.65 f 0.265, 

4.00 * 0.42 

1.22 f 0.13 

3.34 f 0.22 

' I n t e r n a l  in Mev/n 
_ _  __ 

s 7 0 0  

1.73 * 0.'24 

9.33 * 0.65 

1.91 f 0.17 

8.78 f 0.36 

>200 

3.44 f 0.37 

13.3 f 0.77 

3.13 f 0.22 

12.12 f 0.43 



Table V 

Comparison of rLs a t  t h e  t o p  of the atmosphere. 

P r e s e n t  work 
e -  

Koshiba e t  a1 17 

Aizu et a1 16 

~- 
Energy I n t e r n a l  i n  Mev/n 

2 00- 7 0 0. 

' 0.41 * 0.08 

0.38 * 0.05 

0.298 * 0.57 

> 700 

0.19 * 0.03 

0.23 * 0.023 



8 '  
8 
t 
I 
I 
I 
I 
8 
8 
II 
8 
1 
8 
1 
8 
8 
8 
I 
8 

400-800 Mevhqb 

0.384 f 0.089 

0.304 f 0.07 . 

Table VI 

Comparison of rLSat the flight altitude. 

>800 Mev/n 

0.224 f 0.036 

0.304 f 0.07 
Balasubrah- 8 

many an & 
, McDonald+ 

1 

* x = 5.6 g/cm2 of residual atmosphere 

x = 5.0 g/cm2 of residual atmosphere + 



Table V I 1  

Scanning efficien_cy i n  % 

C 90.6 

D 8 9 . 7  

? 

I 8 a e 4  
A i 

5 

9 3 . 0  

95 .4  

97.0 

9 2 . 0  



Captions for Figures 

Fig. 1. The flight curve of the Fort Churchill stack, 
Fig. 2. The proton and a-particle calibration curves in 

G-5 and K-2 emulsions. The dots indicate the 
4 - measurements on well-identified protons and Helium 

nuclei stopping in the stack, The points with error 
bars are the results of measurement on two a-particle 
break-up events. 
A plot of normalized grain density/lOOP in K-2 emulsion Fig. 3a 

Fig. 3b 

Fig. 4a 

Fig. 4b 

Fig. 5 .  

versus kinetic energy in Gev/n at the point of 
interaction f o r  tracks of nuclei interacting in the 
stack. The Helium calibration curve is taken from 
Fig. 2 .  The Lithium calibration curve was calcu- 
lated from the Helium curve assuming a Z 

of ionization loss, The other calibration curves 
are from the break-up events given in Table I. 
A plot of normalized &-ray density/lOOp in G-5 

emulsion versus kinetic energy in Gev/n at the 
point of interaction, 
obtained from measurements on break-up events given 
in Table I. 
A plot of normalized grain density/lOOl in K-2 
emulsion versus residual range. The calibration 
curves are calculated from the known Range-Energy 
relations in emulsion and the break-up events 
given in Table I. 
A plot of &-ray density/lOOp versus residual range 
in emulsion, The calibration curves are calculated 
from the known Range-Energy relations and break-tip 
events given in Table I. 
A plot of effective cut-off energy in Mev/n at 
the top of atmosphere as a function of nuclear charge 

2 dependence 

The calibration curves were 

Ze . 



Fig. 6 Energy spectrum of L- and S-group nuc le i ,  uncorrected 

f o r  t h e  scanning i n e f f i c i e n c y  and b i a s  due t o  selec- 

t i o n  c r i t e r i a  a t  t he  f l i g h t  a l t i t u d e .  The energy 

r e f e r s  t o  t h e  energy of va r ious  n u c l e i  a t  t h e  top  

of  t h e  atmosphere. 
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